The Great East Japan Earthquake that occurred on March 11, 2011 caused disruptions to transportation network such as roads and railways. In general, transportation network disruptions make distribution of relief goods difficult and are considered to have negative impact on the economy of the stricken region owing to a decrease in transportation accessibility.
INTRODUCTION
The Great East Japan Earthquake that hit Japan on March 11, 2011 resulted in a tsunami, causing ground liquefaction and extensive damage to a nuclear reactor, in addition to significant direct damage due to the shaking. This resulted in tremendous human, material, and economic damage. The total cost of damage, excluding unsubstantiated costs related to the nuclear reactor disaster, has been estimated to be JPY 16-25 trillion 1) . This paper focuses on the damage related to disruptions in the transportation network.
Damage to transportation infrastructure include the rendering of expressways such as the Tohoku Expressway as well as national highways impassable. In particular, traffic along National Highway 45 following the Pacific coast was disrupted at many locations. In an attempt to secure transportation routes in damaged regions along the Pacific coast, the Ministry of Land, Infrastructure, Transport and Tourism first ensured that the Tohoku Expressway and National Highway 4, which run parallel to the coast, were functional one day after the earthquake. The Ministry then rolled out a "teeth of the comb" strategy, opening inland roads running parallel to the coast, moving to those running from the east to the west toward the coast. Ninety-seven percent of National Highway 45 was open for traffic by March 18, and all of Tohoku Expressway was open by March 24. As for the other high-speed transportation facilities that form the core of the inter-regional transport system, the Tohoku Shinkansen Line, which suffered line derailments and damage to station platforms, required 49 addition, th from the tsu Expressway Railways' J Ofunato, an Railways' M yet been fu pressways, n other railwa
In genera due to natu well as the immediately tions also which in tur ways.
There are of great ea Kotani (199 urban number of evacuees in evacuation centers in each town, and by comparing this quantity to the quantity of food supplied.
In this case, the quantity of food supplied is the sum of the transported quantities and inventory (leftovers from the previous day), or is simply the transported quantities where there is no inventory from the previous day. If it is assumed that only rice balls needed to be consumed on the same day that they were transported, the food quantities supplied on t day are expressed by equations (1)-(4).
Here, subscript t denotes day. S, D, and Z represent the supply quantity, demand quantity, and inventory quantity, respectively, per day (per capita and per day). In addition, x a and x b are the transported amounts of rice balls and other food items per day (per capita and per day), respectively. Fig.5 shows the trends in the supply-demand gaps (i.e., supply quantities minus demand quantities) for food items in the seven municipalities from March 12 to April 1.
In Otsuchi, Yamada, and Iwaizumi, where food demand was relatively low, overall supply exceeded demand after March 15, when the Apio center was operational and the Tohoku Expressway and other general roads along the coast became passable. On the other hand, Rikuzentakata, which had many refugees, experienced multiple food shortages from March 11 until March 24. Only after bridges became passable on March 25 did supply begin to exceed demand. Thus, it is clear that upgrades to supply systems, including the opening of transport routes, are critical toward ensuring a sufficient supply of food.
REGIONAL ECONOMETRIC MODEL
(1) Impact of long-term transportation network disruptions on the regional economy Disruptions to transportation networks caused by the Great East Japan Earthquake were resolved relatively quickly in Iwate Prefecture, with the exception of railways along the Pacific coast. We formulated a regional econometric model to analyze the impact of hypothetical long-term disruptions to transportation networks as a means of validating the importance of a rapid recovery. 6 shows the flow diagram of the impact on the regional economy due to transportation network disruptions resulting from a large-scale earthquake.
(2) Formulation of the model
In accordance with the flow diagram in Fig.6 , the model is formulated. Outlines of the sub-models are shown below. For each sub-model, the superscript t denotes the period.
a) Production
Gross regional product is expressed with the private capital stock in operation, the number of workers considering average working hours, and transportation accessibility of firms.
Here, X is production, ROW is index expressing the rate of capital utilization, KP is private capital stock, LHR is the index that expresses average working hours, NW is the number of workers and ACCF is transportation accessibility of firms. b) Private capital stock Private capital stock in the current period is defined as private capital stock in the previous period, less depreciation, plus private capital investment in the current period. (6) stock nd is rease eriod t.
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Here, GRE is gross regional expenditure, CG is government consumption expenditure, IG is public investment, Z is inventory increase, E is export, and M is import. j) The realized gross regional product It is assumed that the gross regional product is realized as the average of potential productivity and gross regional demand. Here, for potential productivity, in the production function of equation (5), the rate of capital utilization ROW is set at 100%. Gross regional demand is made equal to gross regional expenditure.
Here, GRP is the realized gross regional product, X is potential productivity and E R Gˆ is gross regional demand.
k) Transportation accessibility
Transportation accessibility of firms and households for the whole object area are expressed with equations (15) and (16) using the shares of transportation modes for firms and households, respectively. Transportation accessibility for the whole object area for each transportation mode is calculated as the weighted average of accessibility for small region r in the object area by population of region r as expressed by equation (17). Transportation accessibility for region r is defined as the reciprocation of the weighted average of generalized time from region r to other regions all over the country by population of regions of destination as expressed by equation (18). 
Here, ACCF and ACCH are transportation accessibility of firms and households in the object area (Iwate Prefecture), respectively. ACC RD and ACC RL are transportation accessibility of road transport and rail transport in the object area, respectively. RF and RH indicate the modal share of road transport for firms and household, respectively. M means transportation mode (RD or RL). Subscripts r and s represent regions in the object area and all over the country except the object area, respectively. T is travel time between regions and TC is travel cost between regions, while w is the value of time.
(3) Parameter estimation
For equations (5) to (12), after specifying the function format, estimations are made by OLS using time-series data from 1996 to 2009. The economic data used for the estimation are basically real values from "the Annual Report on Prefectural Economic Accounting" (Economic and Social Research Institute, Cabinet Office of Japan). Transportation accessibilities are calculated with equations (15)- (18) using travel time and cost data in each year from five major cities in Iwate Prefecture (Morioka, Miyako, Hanamaki, Ichinoseki, and Kamaishi: r in equation (17) and (18)) to major cities across Japan (Sapporo, Aomori, Akita, Yamagata, Sendai, Ishinomaki, Furukawa, Fukushima, Koriyama, Shirakawa, Aizuwakamatsu, Iwaki, Haranomachi, Niigata, Mito, Utsunomiya, Maebashi, Tokyo, Nagoya, Osaka and other major cities in Iwate Prefecture: s in equation(18)). Travel times and travel costs using roads in each year are calculated through the Navitime software assuming that general roads such as national highways were used before expressways opened. Travel times and travel costs using railways are determined through the Navitime and Ekisupaato software assuming that conventional lines were used before the Shinkansen Lines opened. As for the modal share, the modal shares of road transport for firms and households in equations (15) and (16) are set based on data in 2000 from "Inter-Regional Travel Survey in Japan" and "Inter-Regional Freight Transport Survey in Japan" (Ministry of Land, Infrastructure, Transport and Tourism), respectively. As for population in equations (17) and (18), living area data or prefectural data are used for the northern part of Japan including the Tohoku area, and regional data are used for Tokyo (South Kanto region), Nagoya (Chubu region) and Osaka (the western part of Japan).
In addition to the explanatory variables shown in the equations, a fixed period dummy variable (DUM = 0 or 1) is used as a variable in many functions for estimation. While the t values and the Durbin-Watson ratio (D.W.) are kept above a certain level (basically absolute values of t values >1.0 and 1.0 <D.W. <3.0), the function format with the highest value of the coefficient of determination is used for each function. Actually, estimations were conducted for equations (5)'-(12)' shown below.
The results of the estimations for equations (5)'-(12)' are shown in Table 1 . In the table, the figure in parentheses indicates the t value for each parameter; ** indicates significance at 5% level; and * indicates significance at 20% level.
Using the estimated functions, the final test that compares the estimated data and the actual data of economic variables from 1997 to 2009 is conducted. Fig.7 shows the results of the final test for gross regional product (GRP) in Iwate Prefecture. From the figure, it is clear that estimated and actual GRP show similar trends and the model can simulate the economic situation in the past. 
(4) Simulation of the impact of the Great East
Japan Earthquake Using the model, the impact of the Great East Japan Earthquake on Iwate Prefecture's regional economy is simulated for 10 years after the earthquake (2010-2022). Fig.8 shows the results of three simulations: 1) a no earthquake case ("No earthquake" in Fig.8); 2) a case considering damage only to transportation facilities, which is assumed to continue for ten years ("Continuing transport network disruption" in Fig.8) ; and 3) a case considering actual damage to production equipment (private capital stock), humans (labor supply) and transport facilities as well as the recovery efforts that are conducted or planned after the earthquake ("All damage and reconstruction demand" in Fig.8) .
To estimate reconstruction demand, we allocated Iwate Prefecture's (announced) total reconstruction costs equally across the reconstruction plan periods (2012-2019), and assumed that this was the annual increase in public investment in each year. For recovery from the various types of damage, we set private capital utilization and average work hours to pre-earthquake levels in the final year of the planned reconstruction period.
The results of our simulation show that the impact of the long-term transportation network disruptions on the gross regional product (differences between "No earthquake" and "Continuing transport network disruption" in Fig.8) is as large as the impact of actual damage on production equipment, etc. and reconstruction-related demand (differences between "No earthquake" and "All damage and reconstruction demand" in Fig.8) . This is not a real case for the Great East Japan Earthquake. However, the results indicate the possibility of a serious impact on the regional economy when transport facility damage is sustained over a long period.
CONCLUSION
Focusing on Iwate Prefecture, which experienced significant damage to its transportation network because of the Great East Japan Earthquake, this paper analyzed the impact of transportation network disruptions on the distribution of goods during the three weeks following the earthquake, developed a regional econometric model that can analyze the time-series impact of transportation network disruptions, reconstruction demand, etc. on the regional economy, and conducted the simulation analyses. The results of the analyses indicate that the opening of transport routes is critical toward ensuring a sufficient supply of food in the short term and the impact of the long-term transportation network disruptions on the gross regional product is as large as the impact of the actual damage on reconstruction-related demand. These results seem to suggest the importance of a rapid recovery of the transportation network.
Topics for future research are as follows: -Formulation of a regional econometric model that considers changes in the parameters for each function after the disaster and the repayment of reconstruction debt.
-Examination of disaster-resistant transportation networks using the model developed in this paper.
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